Abstract-Robot arms require actuators that are powerful, precise and safe. In this paper we present the design and implementation of a novel rotary hybrid pneumatic-electric actuator (HPEA) for use in robot arms, particularly those intended for collaborative applications. It produces 3.5 times higher torque than prior HPEAs while maintaining the low mechanical impedance and inherent safety of the HPEA approach. Its low mechanical impedance results from its low friction and inertia. It has 450 times less inertia and 15 times less static friction than an industrial robot actuator with similar maximum continuous output torque. The design features four pneumatic cylinders connected in parallel with a small DC motor. The DC motor is directly connected to the output shaft. After the mechatronic design and system model are described, the control system design consisting of an outer position control loop and inner pressure control loop is presented. Experiments were performed with the actuator prototype rotating a link and payload with a rotational inertia equivalent to a linear actuator moving a 573 kg mass. Averaged over five tests, a root-meansquare error of 0.038° was achieved for upwards vertical moves. The steady-state error (SSE) was only 0.0045°, even when the arm was under maximum gravity load, primarily due to the adaptive friction compensator employed in the outer control loop. This SSE is almost ten times smaller than the best value reported for previous HPEAs.
I. INTRODUCTION
Driving the joints of robot arms requires actuators that provide both high torque and precise motion. Electric motors are the most commonly used actuator since they are easy to control precisely and easy to interface. Because the torque produced by a reasonably sized motor is insufficient, they must be used with a high ratio transmission (typically a ratio of 100:1 or more). The addition of the large ratio transmission produces an actuator with high mechanical impedance. This results in large contact forces when collisions with the arm occur, potentially causing serious injuries. Preventing large collision forces is particularly important for collaborative robots that work in close proximity to people. Furthermore, a high impedance actuator cannot be used for precise force control unless expensive joint torque sensing or tool force sensing is employed. The high impedance has two main causes. First, the moment of inertia at the output of the gearbox is equal to the motor's inertia times the transmission ratio squared. Second, the actuator's friction torque equals the motor's friction torque amplified by the transmission ratio, plus the friction torque introduced by the transmission. A further disadvantage of electric motors is that they are prone to overheating when they must provide a large continuous torque. Compared with electric motors, pneumatic actuators are lower cost, provide a higher power to weight ratio, do not overheat, and are inherently low impedance due to the natural compliance of air. However, pneumatic actuators cannot attain the fast and precise position control possible with electric motors. A hybrid pneumatic-electric actuator (HPEA) offers the potential to combine the advantages, and mitigate the disadvantages, of the individual actuators. By connecting the actuators in parallel, the power output, power to weight ratio, speed and positioning precision can all be improved. Furthermore, the large torque provided by the pneumatic actuator allows a low transmission ratio to be used with the motor so the actuator's mechanical impedance remains low. An HPEA is an embodiment of DM 2 actuation approach proposed in [1] . They also explain the advantages of the DM 2 approach over series-elastic actuation (e.g., used by Baxter robot from ReThink Robotics) and joint torque controlled actuation (e.g., used by the Kuka LBR iiwa robot).
A wide variety of position control algorithms have been studied for pneumatic actuators, including sliding-mode control (SMC) [2] - [5] , iterative learning control [6] , backstepping [7] , adaptive neuro-fuzzy [8] , PID [9] [10] and outer loop state feedback with inner loop PI force control [11] . In contrast to pneumatic actuators, very little research has been performed on HPEAs. A design concept for a rotary actuator consisting of an electric motor connected to pneumatic rotary actuator was proposed in a 1987 patent [12] . It was intended to solve the problems of electric motor overheating and low power to weight ratio for high payload applications. The hybrid actuator designs from [13] - [16] are the most relevant. In [13] they connected a DC motor in parallel with a rotary pneumatic motor using a pair of gears. The output shaft drove a single-link robot arm via a second pair of gears. The effective gear ratios of the pneumatic motor and DC motor to the output shaft were 30:1 and 15:1, respectively. The hardware included two servo valves, an optical encoder on the output shaft, and two pressure sensors. They presented two control algorithms. For tracking a sinusoidal position trajectory they designed a SMC strategy based on a linearized model of the hybrid actuator. For point to point motion control they proposed a mixture of SMC and PD control. They included experimental results for horizontal motions including step inputs and a 200° peak-to-peak, 0.5 Hz, sinusoidal trajectory. Compared with the pneumatic motor operating alone (under SMC), the hybrid actuator reduced the settling time from 1.2 s to 0.5 s for the step input, and the maximum tracking error from 20° (10%) to less than 10° (5%) for the sinusoidal input. In [14] the HPEA prototype included two pneumatic muscle actuators (PMAs) connected by cables to an output pulley with a 0.0305 m radius. A DC motor was connected to the output pulley by a 28:1 gearbox. The force output of each PMA was controlled
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Graham Ashby and Gary M. Bone using a PID control loop, and a proportional valve. The angular position of the joint was controlled using acceleration feedforward plus PD control. They included experimental results for 12° peak-to-peak, 1 Hz and 3 Hz sinusoidal position trajectories. Based on their plots, the hybrid actuator reduced the maximum tracking error from about 50% to about 10%, compared with the PMAs operating alone. The HPEA design in [15] [16] generated the majority of its torque using a single pneumatic cylinder to push/pull the rack of a rack and pinion mechanism. The pinion was directly connected to the output shaft. A DC motor also drove the pinion via a smaller gear resulting in a 5:1 transmission ratio. Rather than using pulse-width modulation (PWM) with the on/off solenoid valves, they were directly switched using a discrete-valued model predictive control algorithm. The motor was controlled using a variant of inverse dynamics control. They reported improved position control results in [16] . In vertical motion experiments with a zero to 90° cycloidal trajectory (where 90° produced the max. gravity load), the root mean square error (RMSE) and steady-state error (SSE) were 0.64° and 0.23°, respectively, when only the pneumatic actuator was used. When the DC motor was activated the RMSE and SSE were reduced to 0.11° and 0.04°, respectively.
In this paper we present a new HPEA design that produces higher torque than all previous designs while maintaining the low mechanical impedance and inherent safety of the HPEA approach. In section II the design's advancements and the implementation details of the prototype are described. A comparison of the new HPEA to prior HPEAs and a conventional robot actuator is presented in section III. The system model and control algorithm are then presented in sections IV and V, respectively. Finally, position control experiments are presented and discussed in section VI.
II. MECHATRONIC DESIGN AND IMPLEMENTATION OF THE HYBRID PNEUMATIC-ELECTRIC ACTUATOR
The design of the new HPEA includes several advancements over prior designs. First, the electric motor is directly coupled to the output shaft rather than via a pair of gears as in [13] - [16] . Eliminating those gears eliminates the associated friction and backlash. It also avoids the mechanical impedance amplification caused by a transmission ratio greater than 1:1 (as discussed in Section I). Second, the angle of the output shaft is directly measured rather than inferred from the measurement of the piston's position or from a geared encoder as was done in [15] [16] . This results in more precise position feedback since the gear transmission between the sensor and output has been eliminated. Third, the pneumatic power is transmitted using a pair of rack gears meshing with a pinion gear attached to the output shaft. This design allows both the pneumatic extension and retraction forces to be used, rather than only the retraction forces as is the case when a belt-pulley or cablepulley transmission is used [14] ; although it is less compact than those prior designs. The rack gears are placed above and below the pinion resulting in reduced loading on the output shaft and its support bearings compared with the single rack design utilized in [15] [16] . Fourth, low friction pneumatic cylinders are employed rather than a rotary pneumatic motor [13] or PMAs [14] . Rotary pneumatic motors suffer from large friction torques due to their seals, while PMAs suffer from friction induced hysteresis and a displacement dependent output force [17] . The low friction cylinders will make achieving precise position control easier and will also lessen the energy lost due to friction.
An assembly drawing of the HPEA design is given in Fig.  1 . The top and bottom rack gears are each pushed and pulled by a pair of cylinders. The cylinders are located to the left and right of each rack. This arrangement was chosen because it is compact (since the racks may travel in between the cylinders) and applies zero net moment to the racks when the cylinder pairs push/pull together. An unconventional approach is used to guide the racks. Their backs incorporate a semicircular groove. Then a pair of ball rollers, rolling in the groove, is employed to provide the minimal amount of constraint for proper meshing without binding. The preload force at each roller is adjustable to allow backlash between the racks and pinion to be minimized. The pinion is mounted on the output shaft. The shaft rotates a rigid robot link. The counterweight balances the gravity torque due to the link's mass. The angle of the link,  , is defined as zero when the link is pointing vertically downwards. The positive direction of  is shown in Fig. 1 .
The cylinder's stroke and the pinion's pitch radius are important design parameters since they influence the output torque, range of rotary motion and size of the actuator. A larger stroke has the benefit of increasing the range of motion at the cost of increasing the actuator's size. A larger pitch radius has the benefit of increasing the output torque at the costs of decreasing the range of motion and increasing the actuator's size. In our design we chose 180° as the minimum range of motion since that is enough for a robot's shoulder or elbow joint. We chose 40 Nm as the target for the maximum continuous output torque to make it comparable to the rated continuous joint torque of a small industrial robot, e.g. Universal Robots UR3 [18] or CRS A465 [19] . These specifications are achieved in our implementation using four low friction cylinders with a 24 mm bore and 127 mm stroke (Airpot, model Airpel E24x5); and a stainless steel pinion The optimum ratio of motor torque to total HPEA torque is an open problem. The motor's torque should be large enough to compensate for the deficiencies of the pneumatic actuator. At the same time the motor should be small so it does not increase the HPEA's bulk significantly and have a low inertia rotor so its mechanical impedance is low. We selected a small brushless DC motor (Animatics, model SM3430D, in current control mode) which has a peak torque of 3.25 Nm, a continuous torque of 1.09 Nm and a rotor inertia of counts/rev using quadrature counting). Since the motor is directly coupled to the output shaft the resolution of the position measurement is 0.0045 .
A schematic diagram of the pneumatic, electrical and mechanical components of the hybrid actuator is presented in Fig. 2 . Because of the arrangement of the racks and cylinders, the chambers on the rodless sides of the top cylinders and the rodded sides of the bottom cylinders work together to form "chamber group 1". Similarly, "chamber group 2" includes the chambers on the rodded sides of the top cylinders and the rodless sides of the bottom cylinders. The cross-sectional areas of the two chamber groups are both equal to four times the bore's cross-sectional area minus two times the rod's cross-sectional area. Chamber group 2 drives the output in the positive direction when its pressure exceeds that of chamber group 1. On/off solenoid valves are used since they are much less expensive than proportional/servo valves (e.g., U.S.$40 vs. U.S.$800). As in [3] [5] [9] [10], PWM is used to approximate the flow behavior of a proportional/servo valve. One high speed 3/2 solenoid valve (MAC model 34B) is connected to each of the chamber groups to allow their pressures to be controlled independently. The outputs from the pressure sensors (SSI model P51-100) are low-pass filtered at 95 Hz to reduce noise and prevent aliasing, prior to being sampled at 1 kHz by the data acquisition system (DAQ). The DAQ (NI, model PCIe-6353) performs the sampling and outputs PWM signals with an 8 ms period to the valve driver. The valve driver incorporates a speed up circuit which reduced the valves' maximum dead time from 6 ms to 3 ms. The control algorithms are implemented on a PC with an Intel i5 2400 3.1 GHz processor programmed in C. A photograph of the finished prototype is shown in Fig. 3 . The HPEA's specifications are compared to previous HPEAs and a conventional robot actuator in the next section.
III. COMPARISON OF NEW HPEA TO PRIOR HPEAS AND A CONVENTIONAL ROBOT ACTUATOR
The specifications of the new HPEA are compared to those for previous HPEAs and for a conventional robot actuator in Table 1 . In this table the "ratio of motor torque to total torque" was calculated from the corresponding maximum continuous torques. Also note that several of the specifications are underestimated as explained in the table's footnotes.
The new HPEA produces 3.5 times more continuous torque, and is subject to over 40 times less friction, compared with the HPEA from [13] . It also produces 5.3 times more torque than the HPEA from [14] . Its closest competitor is the HPEA from [15] [16] . In comparison, the new HPEA produces 3.77 times more torque, but also has the detriments of higher friction (2.3 times larger) and higher inertia (31 times larger). The new HPEA is also capable of significantly greater motion precision as will be shown in section VI. Finally, its ratio of motor torque to total torque of 3% is also conspicuously smaller than the values for the prior HPEAs. As mentioned in section II, the motor torque is only required to compensate for the deficiencies in the pneumatic torque's response time and precision. We chose a smaller motor under the assumption that the torque control of the pneumatic cylinders will perform well, so our HPEA will require only a minor torque contribution from the motor. The experimental results presented in section VI validate this assumption.
The most prevalent actuator used with industrial robots is a DC motor connected to a harmonic drive transmission (HDT). The proposed HPEA is being compared with the DC motor plus 100:1 HDT used in joints 1 and 3 of the CRS A465 robot since its continuous rated torque is close to the new HPEA's; and its inertia and friction could be estimated from the specifications of its CMC model 3515 motor 
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lower impedance and will produce much smaller collision forces than this DC motor plus HDT (and similar actuators). [14] was insufficient to estimate the static friction torque. e. This value does not include the unknown friction torques from the harmonic drive and the joint's bearings. f. Due to a lack of information in [13] this value only includes the inertia of the DC motor. g. Due to a lack of information in [14] this value only includes the inertia of the DC motor.
IV. SYSTEM MODELING
The system being controlled includes: two solenoid valves, four pneumatic cylinders, rack and pinion gears, amplifier, motor, counterweight, link and payload mass. Its rotational dynamics are defined by:
where to ta l J is the total moment of inertia;  is the angular acceleration of the output shaft; The pressure dynamic equation for each chamber group is:
where j m is the mass flow rate through the j th valve, k is the ratio of specific heats for air (1.4), R is the universal gas constant (287 Pa·m 3 ·K -1 ), T is the air temperature, j V is the chamber group volume, and j P is the chamber group pressure. The mass flowrate through each valve may be modelled by: 
A. Outer Position Control Loop
A block diagram of the position control system is shown in Fig. 4 . The desired position, velocity and acceleration form the inputs to the outer position control loop. Its first output, the desired pneumatic torque, provides the inputs to the pressure control loops for the two chamber groups. Its second output is the desired motor torque. The position controller must provide the torque needed for acceleration; for overcoming gravity and friction; and for rejecting disturbances. This led to the following equation for the desired torque for the pneumatic actuator: are the proportional and derivative gains, respectively. In our implementation those gains were manually tuned. The first three terms in (10) are based on the system model and estimates of its parameters. The proportional and derivative feedback terms compensate for modelling errors and reject disturbances. The velocity estimate was computed from the sensed position using backward differencing and first-order digital low-pass filtering.
Particular attention was paid to designing the friction compensation term in (10) . It was empirically found that the friction torque was dominated by Coulomb friction. Determining the correct sign of the friction compensation is critical to its performance. The velocity estimated from the position measurement tends to contain high frequency noise that results in frequent erroneous sign changes. A second problem is the friction magnitude is an uncertain quantity and under/overcompensating for it produces poor steadystate performance. To avoid these problems we developed the following adaptive friction compensator: is the error threshold. This friction compensator uses the desired velocity to avoid the sign change problem caused by sensor noise. The second problem is addressed by adapting the magnitude of the compensation torque whenever the desired velocity is zero and the error magnitude is outside the specified threshold. The parameters of (11) were manually tuned in our implementation.
The last task for the position controller is to convert the desired torque into the desired pressure for each chamber group. The desired pressure difference, 2 , 1,
, can be obtained from the torque using: 
The desired pressures are sent on to the inner pressure control loop described in subsection B.
To operate as a hybrid actuator, since the motor responds much more quickly to torque commands than the pneumatic actuator they worked in a complementary fashion. The desired motor torque, , md  , was set to: is the motor derivative gain. In our implementation these gains were manually tuned. In (15) the inertial, gravity and friction torque compensation terms were deliberately left out since they were already included in , pd  . Their total torque is large and typically slowly varying so providing it with the pneumatic actuator was the logical choice. The feedback terms are employed in (15) since the motor's quick response will help the hybrid actuator to compensate for modelling errors and disturbances, particularly those that contain high frequencies. The command signal, 
where coefficients 0 c -3 c were obtained by fitting empirical data using least squares.
B. Inner Pressure Control Loop
A model-based pressure control law, such as feedback linearization, requires an inverse model of the valve flowrate. Since the flowrate is a nonlinear function of several variables (recall (6)), obtaining its inverse model is difficult and time consuming. Furthermore, the priority in this paper is precision position control rather than precision pressure control. For these reasons the following model-free pressure control law was employed:
, 2 is the valve deadzone compensation value; ˆj P is the sensed pressure for the j th chamber group; and ˆj P is the estimated pressure derivative for the j th chamber group. The pressure derivatives are obtained by backward differencing and first-order digital low-pass filtering the sensed pressures. The gains were manually tuned.
VI. EXPERIMENTS

A. Procedure
To test the effectiveness of the hybrid actuation, one set of five experiments was performed with the pneumatic cylinders operating alone and another performed with the HPEA. The pressure supply was set to 0.4 MPa gauge. A 1.35 kg payload was attached to the end of the 0.6 m long robot link. The link was rotated in the vertical plane to expose the actuator to combined gravity and inertial loading. The desired position trajectory consisted of a series of five cycloidal moves separated by 1.5 s dwell periods. This trajectory allowed both the dynamic and steady-state performance to be evaluated. The position, velocity and acceleration equations for a cycloidal trajectory are given in [sec. 4.2, 7] and will not be repeated here for brevity. Starting with a desired position of 0° (for the first second), the target positions were 90°, 90.2°, 90°, 45° and back to 0°. The 90° and 45° moves had 3 s durations, while the 0.2° and 0.2° moves had 0.5 s durations. The RMSE was calculated in the usual manner. The SSE was calculated as the maximum absolute value of the error during the last 0.5 s of each dwell period.
B. Results and Discussion
The RMSE and SSE results for the experiments performed using the pneumatic cylinders alone and with the HPEA are listed in Table II . The values in mm are for the piston position, and were calculated using (3). The tabulated RMSE values were averaged over each set of five experiments while the SSE values are the largest from each set. The SSE of 0.0045° is equal to the encoder resolution. This level of steady-state performance was due to the adaptive friction compensator employed with the pneumatic cylinder and did not benefit from hybrid actuation. The benefit of hybrid actuation is very clear from the RMSE results. Compared to the result obtained with only the pneumatic cylinders active, the RMSE was reduced by 60%.
Position tracking results are plotted in Figs. 5-8. With the pneumatic cylinders operating alone (see Fig. 5 ), the largest errors occurred during the 90° upwards move. This is logical since this motion required the greatest increase in torque. The errors for the smaller moves are reduced, but are not proportional to the size of the move. This is clear from the close-up of the 0.2° and 0.2° moves shown in Fig. 6 . This result shows that while the steady-state errors are small, the errors during motion are relatively large. The largest error occurred with the downwards move. With the HPEA (see Fig. 7 ), the same pattern of errors occurred, but they are significantly smaller than the errors obtained using only the pneumatic cylinders. The difference in performance is obvious when the results in Figs. 6 and 8 are compared. The position tracking is much tighter during those 0.2° and 0.2° moves. Another interesting aspect of these results is that only a small amount of motor torque was needed with the HPEA. Its magnitude does not exceed 1.21 Nm which is only 37% of the motor's rated peak torque. To provide context for these results we compare them with recently published results obtained using similar pneumatic components and similar desired trajectories in Table III . Regarding the components, in both [5] and [16] Airpel low friction cylinders and fast switching solenoid valves are used. The details of the desired position trajectories and payload mass or equivalent (calculated using (9) are given in the table. Comparing the results with the new actuator using only the pneumatic cylinders to those from [5] , the RMSE is 95% smaller and the SSE is 99.9% smaller while driving a mass that is over 400 times larger.
Comparing the results with the new HPEA to the HPEA results from [16] , the RMSE is 58% smaller and the SSE is 89% smaller while driving a mass that is over 18 times larger. These comparisons demonstrate that significantly improved performance has been achieved by the new HPEA. 
